South African wine-makers rely almost exclusively on selected strains of Saccharomyces cerevisiae, in the active dried form, to convert must to wine. Over the last decade the local industry has experienced recurrent stuck/lagging fermentation problems resulting in serious cellar capacity problems during the harvest as well as financial losses due to reduction in wine quality. A number of factors contributing to this problem have been identified to date. These include a too low level of assimilable nitrogen (Vos, Zeeman & Heymann, 1978) , insufficient levels of grape solids (Groat & Ough, 1978; Houtman & Du Plessis, 1981) , a too low fermentation temperature (Tromp, 1984) and the action of killer yeasts (Tredoux, Tracey & Tromp, 1986; Van Vuuren & Wingfield, 1986) .
The inability of classical taxonomic techniques to characterise yeast strains hampers the resolution of the stuck fermentation problem as it is never clear whether the yeast strain inoculated in a particular must is the same as the dominant yeast present upon completion of fermentation. Against this background the development of a yeast strain characterisation technique was identified as a research priority by leaders of the local wine industry.
Augustyn & Kock (1989) indicated that it was possible to differentiate between 13 strains of Sacch. cerevisiae by means of cellular fatty acid analysis (CFAA). This paper explores the utility of the technique when a large number of strains have to be differentiated. The technique was also applied to fatty acid extracts from six dried yeast preparations, and the respective mother cultures from which they were prepared, in an effort to detect possible changes induced by the commercial production and drying processes.
MATERIALS AND METHODS

Organisms studied
The fifty Sacch. cerevisiae strains used in this study are listed in Table 1 . Stock cultures were maintained on YM agar slants. In addition the mother cultures of six commercial strains, viz. N6 (WE 14) , N66 (WE 372), N76 (228), N93 (WE 500), N95 and N96 (maintained under liquid N2 at the VORl) were used to compare their fatty acid profiles with the profiles of the corresponding dried yeast products.
Cultivation of organisms
Organisms were cultivated according to the method described by Augustyn & Kock (1989) . Culture medium consisted of 6,7 gil yeast nitrogen base (Difco) and 80 gil glucose. Organisms were cultivated on a rotary shaker at 30°C in conical flasks equipped with a sidearm to facilitate direct reading in a Klett apparatus equipped with a 640 nm filter. Cultivation proceeded in two stages. The pre culture consisted of 40 ml culture medium (250 ml flask) and organisms were cultivated for 16 h . Slow-growing organisms were maintained in the preculture until the required Klett reading was reached. Some organisms failed to reach the required Klett reading and these were harvested in the stationary phase. For the final culture, 10 ml of the preculture was added to 300 ml culture medium in a 1 litre flask. Cultivation then proceeded for two days or until the organism reached stationary phase in the case of very slow growers. Cells were harvested by centrifugation at 8000 g for 15 min at 4°C and the sediment washed once with cold saline so- lution. After centrifugation the recovered cells were lyophilised and stored in glass bottles in a dessicator at -8°C to -lO°e. In a modification of the cultivation method described above, fresh slants were prepared from the stock cultures four days before strains were inoculated into the preculture. These fresh slants were maintained at 30°C. The effect of this modification on the growth and fatty acid mean relative percentages was monitored for a number of strains. Duplicate cultivations of four strains were made 30 days after initial cultivation to determine repeatability of the method over time.
Commercial dried yeasts were rehydrated in water at 37°C and then streaked out onto malt extract agar. After incubation at 30°C, single uniform colonies were streaked out on YM agar slants. These slants were used as above to prepare material for fatty acid analysis. Rehydrated dried yeasts, and yeasts from the respective mother cultures of N93 and N96, were also inoculated into Chenin blanc and Morio Muscat musts. Fermentation rate was monitored by measuring CO2 loss.
Sporulation of some commercial yeast strains Strains N6, N93, N95 and N96 (from the respective mother cultures) were inoculated into a pre-sporulation medium consisting of 50% must/water. After 48 h at 25°C a light inoculum was streaked out onto McLeary's Acetate medium and the slants incubated at 20 -25°C. Some strains needed up to 30 days to reach a high percentage sporulated cells. The whole sporulated mass was transferred to the standard preculture medium to simulate the fate of sporulated material that possibly appeared during the commercial preparation of dried yeast and cultivation proceeded as above. A second preculture was prepared from the first in order to give the yeasts more time to stabilise their fatty acid profiles and cultivation proceeded as described.
Fatty acid extraction and preparation of methyl esters
Esters were prepared by the method of Augustyn & Kock (1989). Briefly; dried cells (0,120 g) were saponified with 2,5% KOH in 50% methanol/water. Non-saponifiable material was extracted with 1:4 chloroform-/hexane and the aqueous layer acidified to pH 2. Free acids were extracted with 1:4 chloroform/hexane, the solvent evaporated under N2 and the acids esterified with 20% boron trifluoride-methanol. The methyl esters were extracted with 1:4 chloroform/hexane and the extracts dried over anhydrous MgS04prior to concentration and analysis.
Possible losses of fatty acid material during the first extraction step (removal of non-saponifiable material) were examined by excluding this step in the preparation of esters from a number of organisms. Fatty acid profiles from these extracts were then compared with profiles generated from extracts prepared by the original technique.
Gas chromatography and mass spectrometry
Fatty acids extracts were analysed by gas chromatography on a J & W DB wax capillary column (30 m x 0,32 mm I.D., coating 0,15 micron) and identified by analysis of methyl and picolinyl esters (Augustyn & Kock, 1989) .
Throughout this paper fatty acids were named according to the delta system in which the carboxyl carbon atom is designated number one. Abbreviated fatty acid notation, ego C 16:1(9), designates; number of carbon atoms, number of double bonds (position of double bond [s] ).
Differentiation between organisms by comparison of fatty acid relative percentages
The relative percentages of 10 fatty acids, viz. C14:0, C14:1(9), C15:0, C15:1(9), C16:0, C16:1(9), C16:1(1l), C18:0, C18:1(9) and C18:1(1l), were used to differentiate between the strains studied. Raw data (quadruplicates) were subjected to a two-way analysis of variance and mean relative percentages differing at the 1 % level used to differentiate between strains.
The relatedness of any two strains was computed by applying the formula developed by Holman (1978) In this formula R represents the Index of Relationship, x and yare the two strains being compared, C is the concentration expressed as a relative percentage and 1 through n are the fatty acids used to differentiate between the strains (n = 10 in this instance). It is important to note that ~~ represents the minor ration of the particular fatty acid in the two strains.
RESULTS AND DISCUSSION
Fatty acids of Saccharomyces cerevisiae
For the purposes of this general discussion the epithet Sacch. cerevisiae was applied as in Yarrow (1984) . Fatty acids containing more than 18 carbon atoms were not considered in this study. The fourteen fatty acids identified in this study, viz. CI2:0, CI4:0, CI4:1(9), CI5:0, CI5:1(9), CI6:0, CI6:1(9), CI6:1(1l), CI7:0, CI7:1(9), C17:1(1l), CI8:0, CI8:1(9) and CI8:1(1l), corresponded to those identified by Augustyn & Kock (1989) . Some strains also contained C17: 1 (8) tentatively identified by these authors.
Fragmentary mass spectral data indicated the presence of trace amounts of dienoic fatty acids (CI6:2 and/or CI8:2) in some of the strains. No trace of polyunsaturated fatty acids was detected in any of the strains. Three of the four cultures of strain N131 contained a larger amount of C18:2 (retention time, methyl ester mass spectrum: M+ 294, base peak mlz 67). The absence of C18:2 in the fourth sample coupled to the large variation in the relative percentage C18:2 recorded in the other three cultures (0,199%, 0,315% and 0,542%), cast doubt on the origin of this CI8:2. Strain N131 was examined by J.P. van der Walt (CSIR, Division of Food Science and Technology, Pretoria, Republic of South Africa) and subjected to standard taxonomic tests. It was determined as a strain of Sacch. aceti Santa Maria (= Sacch. cerevisiae sensu Yarrow). This strain will be re-examined and other authentic strains of Sacch. aceti acquired to clarify the position regarding the presence or absence of significant amounts of C18:2 in these strains. Baraud, Maurice & Napias (1970) Kock (1989) found no trace of dienoic fatty acids in various strains of Sacch. cerevisiae. Reasons for these discrepant results are not apparent.
Fatty acid relative percentages
The mean relative percentages (MRP's) for the 10 fatty acids used for strain differentiation are listed in Table 2 . Maximum and minimum values for each fatty acid are printed in bold type. It is clear that these relative percentages vary widely. These variations were of the same order as those reported by Ribes et al. (1988) for 6 fatty acids in 18 Sacch. cerevisiae strains. Saccharomyces cerevisiae as defined by Yarrow (1984) is a heterogeneous species and it is extremely unlikely that analysis of the fatty acid profiles of a limited number of strains would allow the analyst to gauge accurately the variation in fatty acid MRP's occurring within the species. Kock et at. (1986) determined the fatty acids in four strains of Sacch. cerevisiae and used the MRP's to differentiate that species from others within the genus Saccharomyces. Applying the parameters set down in that study to the data presented in Table 2 , would result in many strains not being recognised as belonging to Sacch. cerevisiae. Tredoux et ai. (1987) studied the CFAP's of 41 strains of Sacch. cerevisiae, many of which were also included in this study. Their results, generated on packed columns, also showed a large variation in fatty acid MRP's for the various strains, but were limited to data for six fatty acids because of the poor resolution obtained on the packed columns. A comparison of the data generated by Tredoux et al. (1987) , and those obtained in this study, is made in Table 3 . Data for CI6:1(9)/CI6:1(1l) and CI8:1(9)/CI8:1(1l) generated here were combined and expressed as C16:1 and C18:1 to conform with data from Tredoux et al. (1987) . The sharper peaks generated by capillary gas chromatographic analysis resulted in more accurate integration of minor fatty acid peaks and could account for the variations noted for the MRP's of C14:0 and C14:1. Perusal of the data for individual and total C18 acids revealed differences that were not easily explained. As the same culture medium and general cultivation conditions were used in both studies, almost identical values for the MRP's of the major fatty acids should have been obtained. Augustyn & Koch (1989) pointed out that the esterification procedure used by Tredoux et at. (1987) did not affect complete esterification. If this incomplete esterification distorted the natural ratio of C16 and C18 acids found in the various strains and left relatively more free C16: 1 acid in the extract, it could well be the cause of the elevated C18: 1 MRP's reported by Tredoux et al. (1987) .
Differentiation between strains based on fatty acid mean relative percentages
The strains studied here represent only 48 different organisms as N811N86 and N103/N1l7 respectively represent two isolates of the same organisms (Table 1) . Statistical analysis revealed that 46 of the strains had unique fatty acid profiles that distinguished each strain from the others (Augustyn & Kock, 1989) . When comparing two strains the CFAP's were considered unique if the MRP's of at least one fatty acid differed at the 1 % level. Comparisons can be made by utilising the MRP's and D-values presented in Table 2 .
This strain differentiation criterion must, however, be applied with discression. If two strains were distinguished by the MRP's of one or two fatty acids that exceed the limits for similarity, as determined by the D value, by a very small margin, the differentiation must be considered doubtful. The situation could very easily P = data generated in present study, CI6 : 1(9) + C16 : I (11) and CI8 : 1(9) + CI8 : 1 (11) combined as C16 : 1 and CI8 : 1 respectively.
P' strain not included in original study (Table I) , specially cultivated for comparative purposes. The major fatty acids, C16:1(9) and C18:1(9), made by far the largest contribution to the value of R. A high R (>0,960) is dependent on a small difference between the respective MRP's of these acids in the strains being compared, as is illustrated by the data in Table 4 . Note the RNl, N118(0,976) is greater than RN14,N98(0,947) although the latter strains could not be differentiated by comparing the MRP's of the 10 fatty acids used for differentiating between strains.
Some strains had the same R with a number of other strains. This did not mean that differentiation between such strains was impossible as is illustrated by the data for N2, N3 and N8 (Table 4 ). The minor fatty acids which contributed a minute proportion of R afforded easy differentiation between these strains (D-value - Table 4 ). The R values, therefore, offered an easy method for grouping yeast strains according to similarity of the respective fatty acid profiles, while final strain differentiation was afforded by considering the D-values and MRP's of all the fatty acids used to determine R. 
Differentiation between Saccharomyces cerevisiae and
Sacch. bayanus.
Values expressing the similarity of each strain to the group as a whole (-¥-) are presented in Table 5 . Strain N3 exhibited the highest similarity to the group as a whole and a R greater than 0,900 with 21 of the 50 strains studied (Addendum I). This fact again illustrates the necessity of analysing a large number of strains when attempting species differentiation by means of CFAA. It also indicates that the type strain does not necessarily have a fatty acid profile closely related to the majority of strains of a particular species.
Yarrow (1984) Effect of the commercial drying process on the fatty acid profIle of six commercial yeast strains Local commercial dried yeast products were prepared from mother cultures maintained under liquid N2 at the VORL For five of the six commercial products there was a high R between the mother cultures and the appropriate dried yeasts ( Table 7) . The low R recorded for the two batches of N93 (WE 500) resulted from pro- Effect of technique modification and time elapsed between successive cultivations of the same strain, on the cellular fatty acid profIle of selected strains of Saccharomyces cerevisiae Streaking out fresh isolates from the stock cultures four days before inoculation into the preculture resulted in faster growth of many cultures. Although some slight variations were apparent amongst the minor fatty acid relative percentages, the high R-values (Table 6 ) indicated that the adapted cultivation method had a very small effect on the CF AP's of the yeasts examined. Reasons for the low R for N5 (old/new) were not apparent but it should be mentioned that the first cultivation (old method) was made at the onset of this study when methods were not as accurate as at the present time. All strains were subsequently cultured by the adapted method.
The potential loss of CFA's from the sample during removal of the non-saponifiable material was examined C16:1(9) C18:1(9) 38,12% 36,13% 40,11 % 43,54%
Dramatic changes also occurred in the MRP's of some of the minor fatty acids but these changes would not have had a significant effect on the value of R. The reason for these changes was not apparent. It seems highly unlikely that the manufacturer would experience almost identical contamination problems during the preparation of only these two batches of dried material.
The yeast strains used by the local wine industry are all genetically unstable and sporulate very easily (I.S. Pretorius -lecture presented to the S.A.S.E.V. congress -November 1987). The effect of sponlIation on the fatty acid profile of four commercial yeasts was studied by comparing the fatty acid profiles of sporulated 14 Differentiation between Yeast Species material to those of the respective mother cultures. It is clear that for all strains the fatty acid profiles of the whole sporulated mass differed very little from the pro- file of the respective mother cultures (Table 8 ). Sporulation was, therefore, an unlikely cause of the changes noted in the fatty acid profiles of the dried batches of N93 (Table 7) . To determine if the changes recorded in the CF AP of the dried N93 had any oenological significance, fermentation studies were conducted using mother cultures and respective dried yeasts of two strains. While the fermentation curves for mother culture and dried N96 were indistinguishable, the dried batches of N93 clearly had inferior fermentation characteristics as the fermentation showed serious lagging (data not shown).
CONCLUSIONS
The variations in fatty acid relative percentages occurring in different strains of Sacch. cerevisiae could be reproduced reliably. These variations made reliable differentiation between strains possible. Differentiation was based on the MRP's of 10 fatty acids. As the number of strains to be characterised rises, problems may arise concerning the differentiation between closely related strains. Incorporation of additional fatty acids into the data base should help to alleviate this problem.
Additional authentic strains of Sacch. bayanus and Sacch. cerevisae must be analysed to determine if differentiation by CFAA is possible. Strains of Sacch. pastorianus must be included in such a study.
While it is unlikely that all oenologically important changes to a yeast strain will be reflected in its fatty acid profile, CF AA nevertheless adds a useful additional technique to the series of tests used to monitor the quality of the dried product. -- 
